The development of effective protocols for the low-temperature banking of pancreatic islets is an important step in islet transplantation for the treatment of type I diabetes mellitus. We have been exploring the use of islets from the newborn pig as an alternative source of tissue for transplantation. Current cryopreservation protocols are empirically derived, but may be optimized by modeling osmotic responses during the cryopreservation process. This study determined the osmotic and cryoprotectant permeability parameters of cells isolated from the pancreas of newborn pigs. Key parameters are: the osmotically inactive fraction of cell volume, hydraulic conductivity, the permeability coefficients of dimethyl sulfoxide (DMSO) and ethylene glycol (EG) at varying temperatures, and the activation energies of these transport processes. Newborn pig islets were dispersed into single cells and kinetic and equilibrium cell volumes were recorded during osmotic excursions using an electronic particle counter interfaced to a computer. Data were fitted to theoretical descriptions of the osmotic responses of cells, based on the Kedem-Katchalsky approach. The hydraulic conductivity (L p ) in the absence of cryoprotectant was calculated as 0.050 ± 0.005, 0.071 ± 0.006, and 0.300 ± 0.016 µm/min/atm at 4°C, 10°C, and 22°C, respectively (mean ± SEM, n = 7, 6, or 9). These values give an activation energy value of 16.69 kcal/mol when put into an Arrhenius plot. The solute permeability (P s ) values for 1 M DMSO were 0.89 ± 0.12, 1.86 ± 0.28, and 5.33 ± 0.26 µm/min at 4°C, 10°C, and 22°C, respectively (n = 11, 8, or 10) giving an activation energy of 15.98 kcal/mol. The L p values for cells exposed to 1 M DMSO were 0.071 ± 0.006, 0.084 ± 0.008, and 0.185 ± 0.014 µm/min/atm at 4°C, 10°C, and 22°C, respectively. The activation energy for these values was 8.95 kcal/mol. The P s values for 2 M DMSO were 1.11 ± 0.13, 1.74 ± 0.19, and 7.68 ± 0.12 µm/min for the same temperatures, with a calculated activation energy of 17.89 kcal/mol. The L p values in the presence of 2 M DMSO were 0.070 ± 0.006, 0.085 ± 0.008, and 0.192 ± 0.009 µm/min/atm at 4°C, 10°C, and 22°C, respectively, with an activation energy of 9.40 kcal/ mol. Solutions of 1 M EG gave P s values of 1.01 ± 0.13, 1.45 ± 0.25, and 4.90 ± 0.48 µm/min at the three test temperatures. The resulting activation energy was 14.60 kcal/mol. The corresponding L p values were 0.071 ± 0.007, 0.068 ± 0.006, and 0.219 ± 0.012 µm/min/atm with an activation energy of 10.96 kcal/mol. The solute permeabilities in the presence of 2 M EG for newborn pig islet cells were 1.03 ± 0.15, 1.42 ± 0.23, and 5.56 ± 0.22 µm/min; the activation energy was 15.70. The L p values for cells in the presence of 2 M EG were 0.068 ± 0.008, 0.071 ± 0.006, and 0.225 ± 0.010 µm/min/atm; the activation energy for these values was 11.49 kcal/mol. These key cryobiological parameters permit the mathematical modeling of osmotic responses of intact islets during the cryopreservation process, which may lead to further improvements in the low temperature storage of islets from newborn pigs.
INTRODUCTION
apy, long-term secondary complications associated with the disease are not prevented. In many diabetics, blood glucose fluctuations can affect various systems through-Type I diabetes mellitus is primarily treated with exogenous insulin injection. Although insulin therapy is an out the body, and over time result, most commonly, in cardiovascular disease, retinopathy, and renal failure. effective treatment in prolonging the life of the patient, it is not a cure because even with intensive insulin ther-Recently, transplantation of pancreatic islets of Langer-652 FEDOROW ET AL.
hans has been shown to be a potential therapy in the to unfrozen islets with respect to stimulation of insulin production, DNA content, and restoration of euglycemia treatment of type I diabetes mellitus (20) .
Clinical application of islet transplantation is limited and glucose tolerance in diabetic rats after transplantation (9) . due to low numbers of cadaveric organ donors and variability in the number of islets that can be isolated from
The protocols for freezing and thawing newborn pig islet cells that are currently utilized are based on data a single pancreas. The shortage of human tissue has lead to a search for alternative sources of islets. Possible from rat islets and therefore do not take into account the potential differences in the membrane properties, hence sources of insulin-producing tissue include bovine islets (14) , porcine islets (4, 10) , insulin-secreting cell lines physical behavior, of neonatal porcine islets when exposed to osmotic stress as a result of the cryopreserva- (2, 3, 6) , and Brockman bodies from fish (22) . The porcine pancreas may be the most ideal source of islets for tion process. Calculating the osmotic and permeation characteristics of the cells (11) can be used to optimize transplant because pig and human insulin are structurally similar. However, inconsistent results have been ob-protocols specific for newborn pig islets and should improve islet recovery and function. Determination of tained in the isolation of islets from market weight pigs. Adult pig islets tend to be fragile and difficult to main-these parameters may assist in limiting damage to cells caused by osmotic stress and extreme osmotic excur-tain in tissue culture following isolation, making this not an ideal source of tissue for clinical transplantation (15); sions. The hydraulic conductivity (L p ) represents the rate at which water crosses the membrane; the rate of perme-this has lead to the study of pancreatic tissue from newborn pigs. Recently, Korbutt et al. described a simple ation of a solute, like DMSO or EG, is represented by the coefficient P s . Interaction between solute and solvent and effective method for the recovery of large numbers of islets from a newborn pig model (7) . Newborn pig is represented by the reflection coefficient (σ). A reflection coefficient equal to 1 states that solvent and solute islets do not show the same inconsistencies in their isolation and therefore are a better tissue to explore for cross the membrane independently from each other; a value of less than 1 suggests that there is some interac-transplantation (8) .
The shortage of tissue available for transplant can po-tion or the solute and solvent cross the membrane, possibly even using the same channel (5) . The osmotically tentially be overcome through supplementation of fresh donor tissue with cryopreserved islets. Cryopreservation inactive fraction is the proportion of the cell volume that is not involved in changes in cell volume. is an effective method for the storage of tissue prior to transplant. At low temperatures cells and tissues can be The Coulter counter measures the size of cells as they pass through an aperture and disrupt an electrical signal. stored for indefinite periods of time; at these temperatures, all biochemical processes slow down, thereby pro-The disruption created by each cell is proportional to its size; these data are collected by a computer and later longing the life of the cell (16) . Storage of islets allows time for microbiological and viral testing as well as used for analysis of cell volume kinetics and population distribution. Size standards are also run through the HLA typing (21). Freezing cells, however, can potentially damage the cell plasma membrane and therefore Coulter counter to give a calibration factor that relates the size of the electrical disruption to the size of the reduces the viability of the tissue after it is thawed and placed in tissue culture. The cryopreservation of tissue particle moving through the aperture. Custom software (the Great Canadian Computer Company) is then used can be further optimized through minimizing the damaging effects of osmotic stress, physical changes in cell to analyze the data and calculate osmotic and cryoprotectant permeation parameters of the cells. volume, and intracellular ice formation (1) . Understanding the fundamental cryopreservation process will sig-The objectives of this study were to calculate: a) the osmotically inactive fraction (V bp ) of dissociated new-nificantly assist in developing optimized cryopreservation protocols.
born pig islet cells by constructing a Boyle van't Hoff plot; b) the hydraulic conductivity of the cells in re-Cryoprotectants are used during cryopreservation to minimize the possible damage to tissue as a result of sponse to varying osmotic pressure and its variation with temperature; c) the plasma membrane permeability coef-freezing. Dimethyl sulfoxide (DMSO), a permeating cryoprotective agent (CPA), is one of the most common ficients to DMSO and EG and its dependence on temperature; and d) the activation energy for solute perme-cryoprotectants; however, there is toxicity when this is used at high concentrations (19). Treatment of islets ation and water movement in the newborn pig islet cells. with DMSO, without freezing, has been shown to reduce MATERIALS AND METHODS insulin secretion in islets when compared with untreated Solutions and Reagents controls (19). Ethylene glycol (EG) has also shown promise as a cryoprotectant for islets (9) . Rat islets, fro-Collagenase, glucose, nicotinamide, and BSA were all supplied by Sigma Chemical Company (Oakville, zen in the presence of EG, show similar characteristics Ontario, Canada). DNAse and trypsin were supplied by EGTA, 0.01 g/dl trypsin, and 0.0002 g/dl DNAse, and incubated at 37°C. Once most of the cells were dissoci-Roche Molecular Biochemicals (Laval, Quebec, Canada). Percoll was supplied by Amersham Pharmacia ated from the islet, the suspension was filtered through a 63-µm nylon screen to remove particulate matter. (Baie D'urfe, Quebec, Canada). IBMX was supplied by ICN Biomedicals (Aurora, OH). Ham's media, Earle's Cells were then purified on a Percoll gradient. Membrane integrity of the dissociated cell preparation was balanced salt solution, HBSS, and L-glutamine were supplied by Life Technologies (Burlington, Ontario, determined using trypan blue dye exclusion and was found to be >90% in all preparations. Canada). Penicillin and streptomycin were supplied by Biowhittaker (Walkersville, MD). All other chemicals Measurement of Islet Population Volume Excursions were supplied by Fischer Scientific (Nepean, Ontario, Cellular volume kinetics were recorded by a Coulter Canada).
counter (Coulter Inc.) using a customized AD conver-Solutions were freshly prepared by diluting 10× PBS sion box (the Great Canadian Computer Company) and solution without Ca 2+ or Mg 2+ (Mediatech) with distilled, the data analyzed by a computer and custom designed deionized water to achieve desired osmolarities of 150, software (17). The data were averaged over 200-ms in-300, 600, 900, 1200, and 1500 mOsm/kg solutions. The tervals. At least six replicates were performed for each osmolarities of the solutions were verified using a freezexperimental condition and the working solutions and ing point depression osmometer (Advanced instruments) aperture were precooled to experimental temperature with an accuracy of ±5 mOsm/kg. Cryoprotectant soluand maintained there throughout the duration of the extions were made volumetrically with 300 mOsm/kg, periment. Ca 2+ -and Mg 2+ -free PBS. DMSO and EG were supplied by Sigma Chemical Company. The pH of all solutions Calculation of Parameters was adjusted to 7.4.
Hydraulic conductivity (L p ), solute permeability (P s ), Islet Isolation and Culture osmotically inactive fraction, and activation energy were calculated using similar methods to Liu et al. (12, 13) . Two to 3-day-old piglets were supplied by the Uni-Variables are defined as in the work performed by Liu versity of Alberta Health Sciences Lab Animal Services et al. (13) . The Kedem Katchalsky model was used in and were handled in accordance with the recommendathe present study to determine theoretical permeability tions of the Canadian Council on Animal Care. Groups of cell membranes to nonelectrolytes (5) . of pancreata were aseptically removed from 2-3-dayold piglets and islets isolated using the collagenase di-Percent Recovery Calculations gestion protocol as previously described (7) . Briefly, Dissociated islet cells were exposed to osmotic solupancreases were cut into fragments 1-2 mm 3 in size. tions for 5 min, then centrifuged at 1500 rpm for 1 min The tissue was then transferred to tubes containing to pellet the cells and assessed for viability using SYTO/ HBSS, supplemented with 0.25% BSA, 10 mmol/L EB fluorescent stain (Molecular Probes Inc., Cedarlane HEPES, 100 U/ml penicillin, 0.1 mg/ml streptomycin, Laboratories Ltd. Hornby, Ontario, Canada). and 2.5 mg/ml collagenase. The tissue was then gently agitated for 16-18 min in a 37°C water bath and then Data Analysis the islet cell clusters were filtered through a nylon screen (500 µm). Following dissociation, islets were Results are expressed as mean ± SEM. Data were analyzed with ANOVA using commercially available soft-plated in bacteriologic petri dishes with Ham's F-10 culture media that had been supplemented with 10 mM glu-ware. Statistical significance was noted when p < 0.05. cose, 50 µM IBMX, 1% BSA, 2 mM glutamine, 10 mM RESULTS nicotinamide, and antibiotics (100 mg/ml penicillin, 100 U/ml streptomycin). Culture dishes were maintained at Cell volume excursions were analyzed using a 37°C in an incubator (95% air, 5% CO 2 ), with media
Coulter counter interfaced to a computer. Mean data (± replaced every second day. SEM) were then used to calculate the biophysical parameters of the population of newborn pig islet cells us-Islet Dissociation to Single Cells ing a custom designed software program (the Great Canadian Computer Company). Figure 1 shows an ex-Islets were collected after 5 days of culture and washed once with Ca 2+ -free Earle's balanced salt solu-ample of a volume distribution of one preparation of cells at 22°C in isotonic (300 mOsm/kg) solution, with tion and dissociated into single cells using the methods of Pipeleers and Pipeleers-Marichal (18). Intact islets a mean volume of approximately 695 µm 3 . Table 1 shows the average isotonic volumes at 4°C and 10°C were treated with Krebs-Ringer solution without Ca 2+ , supplemented with 16 mmol/L HEPES, 1 mmol/L (650.6 ± 4.0 and 677.8 ± 1.1 µm 3 , respectively) were dif- ferent than the volume of the cell preparations measured 0.005 at 4°C. The L p at 22°C was shown to be statistically different from the values calculated at the other at room temperature (22°C) (623.4 ± 10.7, p < 0.05).
Isolated newborn pig islet cells behaved as ideal os-temperatures (p < 0.05). The natural logarithms of the three L p values were than plotted against the reciprocal mometers in hyperosmotic solutions and therefore exhibited a classical linear Boyle Van't Hoff curve ( Fig. of the absolute temperature (an Arrhenius plot) to determine the activation energy from the slope of the trend-2). The cells did not swell to the volumes as predicted by the Boyle Van't Hoff relationship when exposed to line. The activation energy was calculated to be 16.69 kcal/mol. hypoosmotic solutions and therefore the equilibrium volume measurement for the cells exposed to 150
The viability of islet cells after exposure to different impermeant (PBS) solutions (150-1500 mOsm/kg) is il-mOsm/kg solution was not used in the calculation of lustrated in Table 2 . Treating cells with anisoosmotic the trendline. The osmotically inactive fraction (V bp ) was solutions caused a drop in cell viability (p < 0.05) comcalculated from the y-intercept and was 0.35 ± 0.01 ( Fig. pared with cells treated with 300 mOsm/kg solution. 2, Table 1 ). Figure 3 shows representative Coulter counter mea-
Responses of Islet Cells in Impermeant Solutions
surements of cells exposed to solutions of 2 M DMSO, Table 1 shows the hydraulic conductivities (L p ) of 600 mOsm/kg, and 1500 mOsm/kg. When exposed to isolated newborn pig islet cells at 4°C, 10°C, and 22°C.
solutions of cryoprotectant in isotonic media, NPC islet Values for L p were calculated for NPC islet cells to be cells initially show a drop in cell volume and, as the cryoprotectant permeates into the cell, the volume re-0.300 ± 0.016 at 22°C, 0.071 ± 0.006 at 10°C, and 0.050 ± turns to isotonic volume ( Fig. 3 ). Cells exposed to 600 tively. The values for L p at low temperature, in the presence of cryoprotectant, are approximately equal to the mOsm/kg show a different equilibrium cell volume than values determined in the absence of cryoprotectant at cells exposed to 1500 mOsm/kg solutions. the same temperatures (p = NS).
Responses of NPC Cells to Permeant Solutes
At 4°C, the P s for groups 1 to 4 are similar (p = NS) Data are presented in Table 3 . At room temperature, ( Table 3) . The values calculated are 0.89 ± 0.12, 1.11 ± 0.13, 1.01 ± 0.13, and 1.03 ± 0.15 µm/min, respectively. the L p in the absence of cryoprotectant (0.300 ± 0.016 At 10°C, the values calculated are not significantly dif-µm/min/atm) is different than in the presence cryoproferent from each other and they are 1.86 ± 0.28, 1.74 ± tectant (p < 0.05). The groups examined were: 1) 1 M 0.19, 1.45 ± 0.25, and 1.42 ± 0.23 µm/min, respectively. DMSO; 2) 2 M DMSO; 3) 1 M EG, and 4) 2 M EG.
At room temperature (22°C), the P s calculated for 2 M The values for L p at room temperature, in the presence DMSO is significantly different from the other groups of cryoprotectant, were 0.185 ± 0.014, 0.192 ± 0.009, 52.0 ± 0.6* measurements appear to be different than the value calculated for the cells in a nonpermeant solution (Table 1) Values are mean ± SEM.
(p < 0.05). For 1 M DMSO, the activation energies were *p < 0.05, ANOVA (when compared to cells treated with 300 mOsm/ kg solution).
15.98 and 8.95 kcal/mol for P s and L p , respectively. When cells were placed in 2 M DMSO, the activation DISCUSSION energies were 17.89 and 9.404 kcal/mol for P s and L p Shortages of human pancreatic tissue for transplant data. When exposed to 1 M EG, the cells showed activaas treatment for individuals with type I diabetes has lead tion energies of 14.60 and 10.96 kcal/mol for P s and L p .
to the search for alternative sources of tissue for trans-In 2 M EG, the values for activation energy were 15.70 plant. Newborn pig islets are being closely examined due to similarities between pig and human insulin as and 11.49 kcal/mol for the P s and L p data, respectively. well as the recent development of a protocol for mass complished through changes in cooling and thawing rate, type of cryoprotectant, and cryoprotectant concen-isolation of islets from the newborn pig pancreas (7) . Cryopreservation allows for long-term storage of tissue tration. Changes in these aspects of a cryopreservation protocol are made with changes in the membrane char-for future use. This may be important in islet transplantation due to a small number of islets isolated from each acteristics of the cell type being frozen. For instance, the relationship between cooling rate and survival rate is an donor pancreas and the large amount of tissue required to restore euglycemia in diabetic recipients. Freshly iso-inverted "U." The cooling rate must be "slow enough" to prevent intracellular ice formation by allowing the lated tissue has been supplemented with cryopreserved tissue to achieve an increased transplant mass. Cryopres-cells to dehydrate sufficiently but be "fast enough" to minimize damage caused by prolonged concentration of ervation can potentially damage islets and thereby reduce their insulin output, their potential for stimulation solutes within the cell and exposure to toxic cryoprotectants [reviewed in (12)]. Islets from different animal of insulin production, and can also reduce their viability (9) . Ideally, one would like to minimize damage in-models have slightly different membrane properties and therefore potentially will have different responses to a curred during the freezing and thawing processes to allow for higher quality grafts if cryopreserved tissue is specific cryopreservation protocol. Biophysical properties of membranes can be utilized being utilized. This damage can be minimized through optimization of cryopreservation protocols, which is ac-to modify procedures of cryopreservation, thereby min-imizing cellular damage incurred during the process. obtained for dissociated hamster islet cells (16.21 kcal/ mol) (12) but distinct from the value calculated for ca-Hydraulic conductivity and solute permeation rate values can be used in conjunction with activation energies nine cells (12.71 kcal/mol) (13) . Similarly, hamster cells showed similar L p values (0.25 ± 0.03 µm/min/atm at for the movement of these substances across cell membranes to determine optimum cooling rates, warming 22°C, and 0.06 ± 0.01 µm/min/atm at 8°C) to those calculated in this study and canine islet cell parameters [L p rates, and cryoprotectant concentration and type.
The islets cells used in this experiment are a mixture (22°C) = 0.19 ± 0.05 µm/min/atm, L p (5°C) = 0.037 ± 0.005 µm/min/atm] seemed to be different from both of α, β, and δ cells within the islet, which potentially have different membrane properties. Ideally, one would newborn pig and hamster cells (12, 13) . The similarities between the hamster and NPC data suggest that models like to be able to separate the cells into distinct populations and measure the biophysical properties of each established for cellular responses of hamster cells during cryopreservation may loosely apply to newborn pig cells type of islet cell. However, this may not be a factor in these experiments because the cells are relatively juve-used in this study. Cryopreservation protocols established for the hamster cells may be able to optimized nile and may not have had sufficient time to develop membrane properties significantly different from their cell survival following freezing in the NPC model. The mathematical model used in this experiment esti-progenitor cells. This is suggested by the relatively narrow volume distribution seen with these populations of mated the reflection coefficient as approximately equal to 1. In permeant solute experiments, there was some dissociated islet cells.
Similarly, the single cells used in this study may not concentration dependence of P s at 22°C but not at the other experimental temperatures. This may suggest that represent the responses of intact islets to anisosmotic conditions. Islets represent complex arrangements of the Arrhenius relationship in these experiments may be due to something other than temperature effects alone, multiple cell types connected to each other and organized with respect to each other in the tissue. This com-because the solute permeability should vary with cryoprotectant concentration at all temperatures. This incon-plex arrangement will not respond in the same manner as single cells; the conditions in the center of the islet sistency with the literature (13) may be a result of improper curve fitting due to inadequate assumptions made are different than the conditions at the edge of the islet because it takes time for the solution to diffuse through in the mathematical model when solving for the reflection coefficient. These assumptions may also be the rea-the connections between the cells. The data collected for individual islet cells may be used to develop a tissue son that the L p values for the cryoprotectant runs were not equal to the L p of impermeant experiments. This er-model for complex organizations of pancreatic cells. It would be useful to measure the parameters of individual ror could have resulted in inaccurate activation energies for water permeation in the presence of cryoprotectant. cells and then apply the data to the tissue to be frozen. It would be interesting to examine whether the size of However, the lack of concentration dependence for these values may be a significant factor in designing protocols the islets and the quality of isolation are factors that affect postthaw viability and cellular function. For islets, for cryopreservation with different cryoprotectants if it is not a result of incorrect reflection coefficient values. one might be able to alter the protocol with respect to quality and size of endocrine tissue isolated to provide These data suggest that lower cryoprotectant concentrations may be used because they will permeate into the an ideal environment for those cells.
There were differences in the isotonic cell volume cell at the same rate as if a higher concentration is used. A lower cryoprotectant concentration may minimize measured in the newborn pig islet cells measured at different temperatures. This may be a result of deactivation toxicity caused by the CPA during cryopreservation protocols. of membrane-associated transporters, at low temperatures, that help to maintain volume of the cells and intra-These data suggest that the current method of mathematical analysis to determine the biophysical parameters cellular ion concentrations. The Boyle Van't Hoff plot of newborn pig islet cells at room temperature was linear of membranes may be inadequate. This is apparent in the analysis of cells in the presence of permeant solute; only for hyperosmotic solutions; this follows patterns seen in other literature (12, 13) . Previous studies involv-the reflection coefficient was calculated as 1 in all experimental groups. Although the possibility of low inter-ing the determination of osmotic characteristics of individual islet cells dealt with canine and hamster cells action between water and solute exists, the lack of concentration dependence on the values for P s and L p for (12,13). The values obtained for osmotically inactive fraction (0.35 ± 0.01) are also similar to values obtained most of the groups at each temperature suggests that this calculation is incorrect. previously in the literature for hamster (0.41 ± 0.04) (12) and canine islet cells (0.37 ± 0.005) (13) . The activation
